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1. Introduction 
The aldolase found in photosynthetic tissue 
(ketose-1-P aldehyde lyase, EC 4.1.2.13) has been 
postulated to participate in two reactions of the reduc- 
tive pentose phosphate pathway, leading to the forma- 
tion of fructose 1,6_bisphosphate and sedoheptulose 
1,7-bisphosphate, respectively [l]. Studies of the 
properties of plant aldolase have led to relative molec- 
ular mass (M,) estimates of 120 kM, and 142 kil4, 
from spinach [2,3] and 149 kM, from pea leaves [4]. 
Chloroplast and cytosol isozymes of an FBP-depend- 
ent aldolase differing slightly in amino acid composi- 
tion but otherwise similar in kinetic properties and 
M,-value have been reported [5-71. Here, we have 
critically examined the subcellular distribution of 
both aldolase activities using a silicone-oil technique 
to rapidly separate intact chloroplasts from the cyto- 
sol and other organelles of wheat leaf protoplasts. The 
sedoheptulose 1,7-bisphosphate-dependent and fruc- 
tose 1,6-bisphosphate-dependent activities either from 
cytosol or stroma could not be separated during puri- 
fication. Both stroma and cytosol aldolases had the 
same M,, exhibited the same binding to anion- 
exchange resins, and had the same kinetic constants 
and pH properties. 
were measured by linking them with NADH oxida- 
tion. The full assay system contained 25 mM Tris- 
HCl (pH 7.8), 10 mM MgCl*, 2 mM EDTA, 0.15 mM 
NADH, 10 units triose phosphate isomerase, 0.8 units 
glycerol 3-phosphate dehydrogenase plus an appropri- 
ate quantity of enzyme in a 1 ml cuvette. The linking 
enzymes were desalted on a Sephadex G-25 (PDlO) 
column before use. Reactions were initiated by the 
addition of either SBP or FBP. 
2. Materials and methods 
Aldolase was purified in a buffer solution (A) con- 
taining 50 mM Tris-HCl (pH 7.8), 0.4 mM EDTA 
and 10 mM 2-mercaptoethanol, 20 g of 7-9-day-old 
wheat leaves were homogenised in 100 ml buffer A. 
The enzyme was precipitated in 45-60% ammonium 
sulphate and desalted on a PDlO column. Alterna- 
tively, either chloroplast or cytosol fractions from 
wheat leaf protoplasts equivalent to 1.2 mg chl were 
subjected to the same procedure. The PDlO eluate was 
applied to a DEAE-cellulose A-50 ion-exchange col- 
umn pre-equilibrated with buffer A and eluted in a 
gradient of O-O.5 M NaCl. Aldolase activity eluted at 
0.25-0.34 M NaCl. This purification step efficiently 
removed chloroplastic SBPase, which eluted at 
0.1-0.25 M NaCl, and the cytoplasmic and chloro- 
plastic FBPases, which eluted at 0.2-0.25 M and 
0.45-0.6 M NaCl, respectively. These enzymes inter- 
fered with aldolase assays by competing for the sub- 
strates and their removal was essential for accurate 
kinetic measurements of aldolase activity. 
Subsirates and cofactors for enzyme assays were 
obtained from Sigma and linking enzymes from 
Boehringer. Chromatography columns and packings 
were from Pharmacia and the cellulase and macero- 
zyme was from Yakult Biochemicals (Japan). 
Both SBP- and FBP-dependent aldolase activities 
The aldolase fractions were pooled and protein 
was precipitated in 60% ammonium sulphate. The 
resuspended protein was added to Sephadex G-150 gel 
filtration column equilibrated with buffer A. A solu- 
tion of 0.2 M NaCl in buffer A was used to elute pro- 
tein from the column which had been calibrated using 
purified proteins of known M,. 
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Protoplasts were prepared from 7-9-day-old wheat 
leaves using a macerozyme-cellulase digestion 
medium and purified on a sorbitolkucrose discontin- 
uous gradient as in [8]. Chlorophyll concentrations 
were determined as in [9] and protein as in [lo]. In 
light-activation experiments, chloroplasts were illumi- 
nated [ 1 l] with red light (ICI Perspex ‘Lucite’ red 
400 filter and a Calflex C heat filter) at 330 W/m2 for 
various times and assayed for aldolase activity imme- 
diately afterwards. 
3. Results 
Rapid separation of chloroplasts and cytosol fol- 
lowing rupture of highly photosynthetically active 
wheat protoplasts showed that an average of 78% of 
the total aldolase activity was associated with the 
chloroplast fraction (table 1). Since the non-chloro- 
Table 1 
Distribution of enzyme activities and chlorophyll in chloro- 
plast and cytosol fractions from wheat-leaf protoplasts 
Pellet Supernatant Whole extract 
Chlorophyll (~.rg) 95 
RuBP carboxylase 
(% activity) 86 
NADP-GAPDH” 
(% activity) 88 
PEP carboxylase 
(70 activity) 3 
Aldo!.ase 
(% activity) 78 
4 100 
14 104 
12 103 
91 99 
22 101 
a NADPGAPDH, NADP glyceraldehyde 3-phosphate dehy- 
drogenase 
The techniques for separating the chloroplast (pellet) and 
cytosol (supernatant) fractions is described in [S]. The ‘whole 
extract’represents unfractionated protoplasts and is an indica- 
tion of the recovery of enzyme activity during the procedure 
Fig.1. Ion-exchange chromatography of aldolase from wheat leaves. Aldolase was precipitated in ammonium sulphate and desalted 
on a PDlO column as in section 2. The eluate was applied to a 450 X 20 mm column containing DEAEirellulose A-50 equilibrated 
with buffer A. Non-binding proteins were eluted in buffer A and bound proteins in a continuous gradient of O-O.5 M NaCl in 
buffer A. Protein concentration in the eluate was continuously monitored by measuring theA,,, in an LKB 2138 Uvicord S appa- 
ratus. Aldolase assays were performed as in section 2. 
164 
Volume 134, number 2 FEBS LETTERS November 1981 
plast supernatant fraction contained 12- 14% of the 
chloroplast markers ribulose bisphosphate carboxyl- 
ase and NADP-glyceraldehyde-3-phosphate dehydro- 
genase, the true proportion of aldolase in the chloro- 
plast is probably near 90%. The sum of the aldolase 
activities in the two fractions showed a 97- 105% 
recovery compared with whole protoplasts, indicating 
that there was no loss of activity during the separa- 
tion procedure. 
Aldolase prepared either chloroplast or cytosol 
fractions gave identical binding characteristics to 
DEAE-cellulose A-50 (fig.1). Only one aldolase peak 
(corresponding to 0.25-0.34 M NaCl) was eluted 
from the A-50 column whether it was loaded with 
protein extracts from chloroplasts cytosol or whole 
leaves. Aldolase extracts from these various sources 
also gave identical K,,-values when applied to a 
Sephadex G-l 50 column (fig.2). The estimated M,-val- 
c-6 
K av 
Wheat Aldolase 
L.2 L6 50 
log. Molewlar Weight 
5.L 
Fjg.2. Determination ofMr of wheat-leaf aldolase by gel-fil- 
tration column chromatography. A 1 m X 2.6 cm column was 
packed with Sephadex G-150 to an approximate bed volume 
of 495 ml, The column was equilibrated with buffer A and 
protein fractions were eluted with buffer I + 0.2 M NaCl at a 
speed of -12 ml/h. Protein concentration in the eluate was 
monitored using an LKB 2 138 Uvicord S apparatus. The col- 
umn was calibrated using purified proteins of 13.7-158.0 kMr. 
Values of K,, were determined thus: 
K,,= ve - vo’olvt - v, 
v, = elution volume of protein sample; 
Vt = bed volume; 
V. = void volume 
The wheat leaf aldolase (arrow) had a slightly h&her Kav than 
rabbit muscle aldolase which has 158 kMr. Wheat leaf aldo& 
was 142 kM,. 
10 8 6 
PH 
Fig.3. Variation of aldolase activity with PH. Aldolase frac- 
tions were incubated at each pH for 15 min and then assayed 
as in the text. Both FBP and SBP-aldolase activities showed 
similar pH profiles. 
ues of wheat aldolase was 142 kMr. The ratio of activ- 
ity for the cleavage of both substrates (FBP and SBP) 
remained constant throughout both purification and 
subcellular localisation. 
Wheat aldolase exhibited a distinctly alkaline pH 
optimum (fig.3) and was relatively inactive in acidic 
1/ 
“0 ____I 
-O.OL 0.02 0% 0.1 
Fig.4. Double reciprocal plot of enzyme activity YS fructose 
1,6-bisphosphate concentration for partially-purified wheat 
leaf aldolase. Assays were performed as in the text. The app. 
Km for FBP was 205 PM and that for SBP (not shown) was 
19.5 NM. 
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buffers. The partially-purified enzyme had spec. act. 
4-6 units/mg protein but gradually lost activity when 
stored below 0°C in buffer A at pH 8.0 and only 28% 
of the original activity remained after 5 days. The 
enzyme gave Michaelis-Menten kinetics with both sub- 
strates and similar app. Km-values were deduced 
(fig.4). The Km for FBP was 20.5 PM and for SBP was 
19.5 ,uM but the Km for fructose 1 -phosphate was 
10.3 PM. Thus, wheat-leaf aldolase resembles the 
mammalian type C aldolase in its kinetic properties 
rather than the prokaryotic aldolases, as the former 
also shows higher Km-values for fructose 1 -phos- 
phate than for FBP. Aldolase activity in ruptured 
chloroplast preparations was not stimulated by light. 
Fractions kept in darkness had similar activities to 
those subject to illumination by red light for up to 
30 min. In both cases, the activity was far in excess of 
that needed to support maximum photosynthetic rates. 
4. Discussion 
These results strongly suggest hat there is only 
one form of aldolase in wheat leaves and that it is 
equally specific towards FBP and SBP. The technique 
of rapidly separating chloroplasts from freshly rup- 
tured protoplasts resulted in a cytosol fraction only 
contaminated 12-1470 with soluble chloroplast 
enzymes. Smaller organelles and broken chloroplast 
fragments could be pelleted from this fraction to 
yield an extract of the soluble cytosolic enzymes. This 
fraction only accounted for -10% of the total cellular 
aldolase with the vast majority being associated with 
the chloroplasts. Conventional subcellular fractiona- 
tion procedures involving differential centrifugation 
and density gradient centrifugation often result in a 
high contamination of the cytosol fractions by solu- 
ble enzymes released from broken chloroplasts. 
There may be certain minute differences in amino 
acid composition between cytosol and chloroplast 
aldolases in wheat similar to those reported from the 
pea leaf enzyme [7]. However, if there are any differ- 
ences, they do not affect DEAE-cellulose binding, 
M,-value, pH response or substrate affinities and so 
would be of minor functional significance. Previous 
estimates of aldolase Mr in plant tissues have ranged 
from 120 l&f, [12] or 142 kM1 [3] in spinach chloro- 
plasts and 149 kMr in pea leaf fractions [4]. The esti- 
mate of 142 kMr for aldolase from wheat chloroplast, 
cytosol or whole leaf extracts obtained in the present 
study was based on 8 separate Sephadex G-l 50 col- 
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umn runs. Subunit M,-values of -37 000 have been 
estimated for pea leaf aldolase, indicating that the 
enzyme may be a tetramer, as are other.class I aldol- 
ases [ 13- 151. Wheat-leaf aldolase, if it is a tetramer, 
did not dissociate under these conditions. 
In all cases that aldolase activity was measured 
both in the oxidative direction (i.e., with FBP or SBP 
as substrates) or in the photosynthetic direction (with 
triose phosphatases and erythrose 4-phosphate as sub- 
strates; not shown) the rates were well above those 
needed for the maximum in vivo or in vitro rates of 
photosynthetic activity. Taken with the lack of light 
activation, this suggests that aldolase activity is not 
controlled in a similar manner to some of the poten- 
tially rate-limiting enzymes of the photosynthetic 
pentose phosphate pathway such as sedoheptulose 
bisphosphatase [161, fructose bisphosphatase [171 
and NADP-glyceraldehyde-3-phosphate dehydrogen- 
ase [18]. 
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